Viruses that infect cells elicit specific changes to normal cell functions which serve to divert energy and resources for viral replication. Many aspects of host cell function are commandeered by viruses, usually by the expression of viral gene products that recruit host cell proteins and machineries. Moreover, viruses engineer specific membrane organelles or tag on to mobile vesicles and motor proteins to target regions of the cell (during de novo infection, viruses co-opt molecular motor proteins to target the nucleus; later, during virus assembly, they will hijack cellular machineries that will help in the assembly of viruses). Less is understood on how viruses, in particular those with RNA genomes, coordinate the intracellular trafficking of both protein and RNA components and how they achieve assembly of infectious particles at specific loci in the cell. The study of RNA localization began in earlier work. Developing lower eukaryotic embryos and neuronal cells provided important biological information, and also underscored the importance of RNA localization in the programming of gene expression cascades. The study in other organisms and cell systems has yielded similar important information. Viruses are obligate parasites and must utilise their host cells to replicate. Thus, it is critical to understand how RNA viruses direct their RNA genomes from the nucleus, through the nuclear pore, through the cytoplasm and on to one of its final destinations, into progeny virus particles 0.125 μl (of 5 units) RNase OUT 5 μl (25 ng of 5 ng/μl) Probe 5 μl H 2 O DEPC, to make the final volume 50 μl 7. Incubate coverslips cell side down in 50 μl 50% formamide (diluted in 1X DPBS) for 15 min at 42 °C.
.
FISH serves as a useful tool to identify changes in steady-state localization of viral RNA. When combined with immunofluorescence (IF) analysis 22 , FISH/IF co-analyses will provide information on the co-localization of proteins with the viral RNA 3 . This analysis therefore provides a good starting point to test for RNA-protein interactions by other biochemical or biophysical tests 4, 5 , since co-localization by itself is not enough evidence to be certain of an interaction. In studying viral RNA localization using a method like this, abundant information has been gained on both viral and cellular RNA trafficking events 6 . For instance, HIV-1 produces RNA in the nucleus of infected cells but the RNA is only translated in the cytoplasm. When one key viral protein is missing (Rev) 7 , FISH of the viral RNA has revealed that the block to viral replication is due to the retention of the HIV-1 genomic RNA in the nucleus 8 .
Here, we present the method for visual analysis of viral genomic RNA in situ. The method makes use of a labelled RNA probe. This probe is designed to be complementary to the viral genomic RNA. During the in vitro synthesis of the antisense RNA probe, the ribonucleotide that is modified with digoxigenin (DIG) is included in an in vitro transcription reaction. Once the probe has hybridized to the target mRNA in cells, subsequent antibody labelling steps (Figure 1 ) will reveal the localization of the mRNA as well as proteins of interest when performing FISH/IF.
Video Link
The video component of this article can be found at https://www.jove.com/video/4002/ Protocol 1. Probe Preparation 15 ,000 x g. 9. Remove the supernatant and wash the pellet in ice-cold 70% ethanol. Centrifuge again for 5 min at 4 °C at 15,000 x g. 10. Remove the supernatant and dry the pellet. Resuspend the pellet in 50 μl water (DNase/RNase free) containing 10 U Invitrogen RNase OUT. 11. Estimate the concentration of probe by spectrophotometry (measure RNA at 260 nm), and dilute to a concentration of 5 ng/μl. Store in aliquots at -20 °C for short-term use, or -80 °C for long-term storage. It is recommended to perform inter assay comparisons so conserve an aliquot for this.
Cell Fixation
1. It is initially important to seed adherent cells onto untreated, sterile glass coverslips so the final confluency upon harvesting is approximately 70-80%. For non-adherent cells, grow as normal and when ready to collect, incubate them with coverslips that have been treated with 0.01% w/v poly-L-lysine (Sigma-Aldrich, Inc.) for 1 hour. For a typical 12-well polystyrene tissue culture plate (3.8 cm 2 ), 150,000 cells (e.g. HeLa) are plated at 24 hours prior to transfection. Non-adherent cells can be infected or transfected as usual and allowed to adhere to glass cover slips before fixation 3 .
2. Discard the media and wash the cells with 1X phosphate-buffered saline prepared in double distilled water (DPBS) for 1 min.
Diethylpyrocarbonate (DEPC, Sigma-Aldrich, Inc.)-treated 1X PBS may also be used, however untreated PBS cannot as it may contain RNase enzymes. 3. Discard the PBS and add 4% paraformaldehyde, enough to cover the cells completely. Incubate for 15-20 min. 4. Discard the paraformaldeyhyde and wash cells with 1X DPBS for 1 min. 5. Discard the DPBS and add 0.1 M glycine (dissolved in 1X DPBS). Incubate for 10 min. 6. Discard the glycine and wash the cells with 1X DPBS for 1 min. 7. Discard the DPBS and add 0.2% Triton-X (dissolved in 1X DPBS). Incubate for 5-10 min. If staining for nucleolar or nuclear envelope proteins, permeabilize with Triton X-100 for no more than 5 min or the protein localization will become diffuse. 8. Discard Triton X-100 and wash once in 1X DPBS for 1 min. 9. For long-term storage, replace PBS with 70% ethanol and store at 4 °C for up to four months. Alternatively, wash once more with 1X DPBS and proceed to FISH. 
Fluorescence in situ Hybridization (FISH)

Discussion
FISH/IF co-analyses is a reliable method to visualize viral RNA in cells which has now been refined 9, 15, 16 . Over the course of several years, we have developed a refined method of staining for RNA. This technique can be used on a wide array of cell types provided the probe is specific to the target RNA 17 . By labeling the probe with DIG, we are capable of visualizing the RNA by simple staining. When staining for RNA and other proteins are combined, FISH/IF co-analyses become a powerful tool to observe cellular structures and protein/RNA localization.
The specificity of the RNA detection is quite high. This is illustrated in Figure 2 . In some of the original work that focused on viral genomic RNA localization, FISH established that a lack of Rev trapped viral RNA in the nucleus 18 . Since this, abundant new information on viral genomic RNA localization has been obtained using the technique outlined here. By overexpressing cellular proteins, specific populations -and not all-of the viral RNA can be forced to localize to different regions of the cell. RILP overexpression, which resembles the phenotype obtained when hnRNP A2 is depleted by siRNA in HIV-1-expressing cells 13 , causes the RNA to visibly accumulate at the MTOC. The viral genomic RNA can be pushed to the cell periphery by disabling the minus-end motor protein, dynein: p50/Dynamitin overexpression or knockdown of the dynein heavy chain 1 results in the release of viral genomic RNA from intracellular domains to the cellular periphery (Figure 2) . A mutant of RILP, RILPΔN, which no longer binds the dynein motor, disperses endosomes (tagged by LAMP1) into the cytoplasm because they are no longer actively localized at juxtanuclear domains. These results point to the notion of a plastic population of HIV-1 genomic RNA and in particular, that different pools of HIV-1 genomic RNA exist with sometimes identifiable roles in the viral replication cycle. These same notions have already been identified for the protein encoded by this mRNA, Gag 19 .
There are limitations to the uses of FISH/IF co-analyses that are related to antibody choice and availability. The optimization of the best combination of primary and secondary antibodies, and their concentrations, will take time to optimize (see Table 1 & 2). Antibodies made from hybridomas or produced by major companies can have concentrations which vary anywhere from 1:2 to 1:2000, but be sure to follow the guidelines provided by the manufacturer for best results. The host in which the antibody is produced must also be taken under consideration.
Mixing sheep with goat antibodies should also be avoided in primary and secondary antibodies as this combination results in high background due to cross-species recognition (data not shown). For Alexa-Fluor secondary antibodies, the concentration can be used at 1:500 for almost any antibody in the set. The other drawback to FISH/IF co-analyses as described in this report is it captures the RNA at its location at steady-state, after cells have been fixed and permeabilized using paraformaldehyde and detergent (Figure 1) .
However, RNA imaging in live cells has been achieved through a variety of means [20] [21] [22] , mostly using variations of viral RNA genomes that are tagged by fluorescent proteins such as GFP. However, additional means to identify RNA localization in live cells continue to surface. These new methods involve the tagging RNA by means of Spinach 23 , SNAP 24 , or MTRIP 2 . These techniques also suffer from a few drawbacks including the requirement to permeabilize cells before adding substrates or that a moiety must be engineered to tag the mRNA in order detect the mRNA by microscopy. Indeed, the major advantage of FISH analyses outlined in this report lies in the fact that the native RNA is unaltered leading to the most physiologically relevant results.
